A computerized morphometric investigation of stromal vascularization in the endometrium during adenomyosis was performed retrospectively. Using a polyclonal antibody and a peroxidase-antiperoxidase method, formalin-fixed paraffin sections of the tissue were stained for von Willebrand factor, a marker for endothelium. The subjects were divided into two groups: 42 patients with histologically proven adenomyosis and 29 fertile control subjects, 12 in the proliferative phase and 17 in the secretory phase. Objective quantitative colour image analysis was used to assess the staining intensity and hence the degree of vascularization. In the control group, stromal vascularization increased in the secretory phase. In adenomyosis, vascularization increased markedly, up to 11.6 times that of the controls, in terms of the in total surface area of capillaries per mm 2 in the endometrium in the proliferative phase. These findings suggest clinical relevance to severe functional disturbances such as hypermenorrhoea or iron deficiency anaemia.
Introduction
Adenomyosis typically affects parous women in their forties (Parazzini et al., 1997) . The disease is characterized by the ectopic growth of endometrial tissues into the myometrium as well as by a diffuse enlargement of the uterus. Adenomyosis causes distressing and often serious functional disturbances such as hypermenorrhoea, dysmenorrhoea, among others (Benson et al., 1958; Emge, 1962; Molitor, 1971) . We often encounter patients with severe iron deficiency anaemia requiring blood transfusion and/or major surgery. However, the reason patients with adenomyosis develop hypermenorrhoea remains unclear.
It is well known that peritoneal vascularization is a characteristic finding in the active lesions of endometriosis (Donnez et al., 1995) . It is interesting to note that the major histological difference between adenomyosis and endometriosis is the site of the endometriotic tissues, i.e. inside or outside the uterus. We have reported that adenomyosis patients exhibit marked vascularization of the surface endometrium under hysteroscopy (Ota, 1992) . To our knowledge, however, no reports are available that indicate to what extent stromal vascularization is developed in the endometrium in adenomyosis. To determine whether there is any relation between hypermenorrhoea and stromal vascularization, we examined the distribution of capillaries in the endometrium in adenomyosis using histochemical methods and computerized colour image analysis.
Materials and methods

Patients
The subjects consisted of 71 women who were treated at the Department of Obstetrics and Gynecology at Akita University Hospital. They were divided into two groups: the fertile controls (n ϭ 29), and the adenomyosis group (n ϭ 42), who had undergone hysterectomy. The controls consisted of fertile women with regular and biphasic menstrual cycles, 12 in the proliferative phase and 17 in the secretory phase. All of the controls were parous women with clear male factor infertility (mild oligozoospermia or azoospermia). None of the controls had identifiable endometriosis or adenomyosis. These women conceived after artificial insemination of husband's or donor's semen within three treatment cycles and delivered full-term babies. The mean age in the fertile control and the adenomyosis group was 29.1 years (range 23-36 years) or 42.5 years (range 33-49 years), respectively. When the patients in the adenomyosis group consulted our outpatient clinic for treatment, blood sampling was performed for peripheral haematological analysis, CA125 and the level of serum iron before treatment. All adenomyosis patients did not take any medication except for a ferric medicine to help their dysmenorrhoea and hypermenorrhoea for at least 1 month prior to the hysterectomy, and diagnoses were confirmed histologically after the surgery. Adenomyosis patients with submucous leiomyoma or giant intramural/subserosal leiomyoma, having a size occupying more than one-third of the corpus uteri, were excluded from the present study.
Before starting any medication in the control group, or just after the hysterectomy in the adenomyosis patients, endometrial tissue was obtained during each optional phase. In the control group, endometrial specimens were obtained by curettage. The tissues were fixed in neutral buffered 10% formalin solution (Wako, Osaka, Japan). The menstrual cycle of the patients was estimated by endometrial dating according to the described method (Noyes et al., 1950) . Informed consent was obtained in each case, and approval for the study was granted by the Institutional Review Board.
Reagents
A rabbit polyclonal antibody against human von Willebrand Factor (A-082; vWF) was obtained from Dakopatts (Glostrup, Denmark) . This antibody has been proven to bind specifically on the endothelial cells of vessels in the endometrium (Au and Rogers, 1993) . The secondary antibody [goat F(abЈ)2 anti-rabbit Ig (HϩL) horseradish peroxidase conjugate; 458] was obtained from MBL (Nagoya, Japan).
Staining
The endometrial tissue samples were cut into blocks (~1 cm 3 ) for standard histology. Serial 3 µm sections of tissue were cut, deparaffinized, and rehydrated through ethanol. The sections were stained using the peroxidase-antiperoxidase (PAP) method. First, the sections were incubated in 1% hydrogen peroxide in phosphate buffer saline solution (PBS; 0.1 mol/l) for 15 min to block endogenous peroxidase activity. Non-specific background staining was reduced by treating the sections with non-immune 10% swine serum (809-10; Cosin Bio, Sakato, Japan) in PBS. Then the polyclonal antibody (ϫ40 dilution) was added and the sections were incubated for one h at 37°C. After washing them with PBS, the second antibody (ϫ2500 dilution) was added and they were incubated for 1 h at 37°C; then the PAP complex was layered on the slides. After washing the sections with PBS, they were stained with 0.2 mg/ml 3,3Ј-diaminobenzidine (DAB) tetrahydrochloride containing 0.005% hydrogen peroxide in PBS. Finally, the sections were counterstained with Harris haematoxylin. Negative controls for immunostaining were prepared by substituting the first antibody with non-immune rabbit serum IgG. In each run, a section of early secretory endometrium with strong vWF staining was routinely included as a positive control.
Evaluation of staining
Tissue sections were viewed through a ϫ10 objective and a ϫ10 eyepiece on an Olympus light microscope (Olympus, Tokyo, Japan). In the present study, only capillaries in the functional layers of the endometrium were evaluated, since the nature of specimens was different between the control and adenomyosis groups. Ten fields of each biopsy specimen were captured by a CoolScan scanner (Nikon, Tokyo, Japan) on an LC575 Apple computer (Apple Computer Japan, Tokyo, Japan), and the data were saved as a PICT file (1200 dpi) in Adobe Photoshop (Version 3.0; Systemsoft Co., Fukuoka, Japan). After correcting for uneven illumination and background colour, the image features were displayed on an RGB monitor and stored for processing by the image analysis program. A software-generated blue filter was placed over the image to enhance the positive red-brown staining of the DAB. The pictures were processed using an NIH image (Version 1.6; Wayne Rasband, NIH, USA) and the area of capillaries somewhat Ͼ40 µm 2 was measured. The grey-level images were converted to binary images. The interactive measurements of the selected parameters were appended and stored in a database. Assessment was based on positive staining associated with the wall of capillaries. The parameters of capillaries evaluated were: the mean surface area, mean circumference, mean major axis, mean minor axis or mean number of capillaries per field, and total surface area or total number of capillaries per mm 2 . The morphometric analysis of each specimen was done by two different observers blinded as to the specimen source.
Statistical analyses
The results are expressed as the mean Ϯ SE where applicable. Statistical analysis was performed by the unpaired t-test (Welch) test. Differences were regarded as significant if P Ͻ 0.05.
Results
Clinical parameters are shown in Table I . The most frequent symptom in the adenomyosis group was hypermenorrhoea, followed by dysmenorrhoea. In 95% of all patients the weight of the uterus was Ͻ400 g. Iron deficiency anaemia was noted in 71.4% of the cases, therefore only 28.6% of the cases were within the normal range before surgery.
In the control group, the mean surface area, mean major axis, mean minor axis, total surface area and total number of capillaries, all increased significantly in the secretory phase compared with to the proliferative phase (Table II) . Of these parameters, the total surface area of capillaries per mm 2 increased by 2.4 times that of the proliferative phase. In contrast, all parameters increased in the adenomyosis group in both the proliferative and secretory phase compared to the control group. In particular, the total surface area of capillaries per mm 2 markedly rose, by 11.6 times, compared to that of the proliferative phase in the control group.
Histologically, positive staining was observed in all specimens in the control and adenomyosis groups (Figure 1 ). All negative controls were unstained and strong staining was consistently seen in the positive controls. Specific staining was confined to the endothelium lining the blood capillaries. No staining was found in the endometrial glands or stroma.
Discussion
In adenomyosis, the two most frequent symptoms are hypermenorrhoea and dysmenorrhoea. According to several reports, the incidence of hypermenorrhoea ranges from 36 to 70% (Benson et al., 1958; Dougherty and Anderson, 1964; Molitor, 1971) . Hypermenorrhoea often becomes increasingly severe and develops into a major functional nuisance leading to iron deficiency anaemia. In the present study, the incidence of hypermenorrhoea and iron deficiency anaemia was high, 88.1 and 71.4%, respectively.
Vascularization is a normal physiological process, during folliculogenesis, the development of the endometrium, implantation, placentation and in embryonic development. However, vascularization occurs in various pathological processes, e.g. wound healing, rheumatoid arthritis and tumours. Vascularization is also found in endometriosis, particularly in the active lesions of peritoneal endometriosis (Donnez et al., 1995) . As far as we know, however, there are no reports focused on the stromal vascularization of the endometrium in adenomyosis. Various substances have been cited as possible Although it is clear that there were more capillaries in the secretory than the proliferative phase, Figure 1A and B appears to show the reverse effect. This was because those particular fields were chosen for greater visual clarity of capillaries and histology. It should be noted that the mean circumference of capillaries was indeed larger in Figure 1B (secretory) than 1A (proliferative), in keeping with the data presented in this table. NS ϭ not significant. Table II. factors in vascularization: growth factors, cytokines, adhesion molecules and extracellular matrices. With regard to growth factors and cytokines, platelet-derived growth factor (Pierce et al., 1992) , vascular endothelial growth factor (Aiello et al., 1994) , tumour growth factor-β (Pertovaara et al., 1994) and tumour necrosis factor-α (Leibovich et al., 1987) have been suggested to have a role in vascularization. It is noteworthy that the levels of several of these substances are also increased in endometriosis (Eisermann et al., 1988; Oosterlynck and Koninckx, 1995; McLaren et al., 1996) . It has been reported that abnormal immune phenomena are frequently observed not only in endometriosis (Haney et al., 1981; Fakih et al., 1987; El-Roeiy et al., 1988) , but also in adenomyosis (Ota et al., , 1996a . Interestingly, few differences in the immunological parameters were noted between the two diseases (Ota et al., 1993 (Ota et al., , 1996b . Therefore, it is plausible that these substances increase in adenomyosis, although the details are still unknown.
In the present study, it became apparent that in adenomyosis the mean surface area of each capillary expanded up to 3.9 times more than those in the proliferative phase in the control group. Several vasodilators such as steroids, prostaglandins, catecholamines and endothelin (Åkerlund, 1995) have been suggested as the cause. First, oestrogen is known to be a potent vasodilator in mammals, while progesterone has no such role (Greiss and Rose, 1989) . Second, there is increasing evidence that a majority of prostaglandins cause significant vasodilatation (Greiss and Rose, 1989) . Koike et al. (1992) found that in adenomyosis, the production of prostaglandin I 2 , a potent vasodilator and inhibitor of platelet aggregation, was dominant. Thus, it is likely that prostaglandins are responsible for vasodilatation in adenomyosis.
The question thus occurs as to why adenomyosis patients with vascularization in the endometrium develop hypermenorrhoea. Until recently, the mechanism of this has been explained on the basis of an increase in the volume of the endometrial surface of an enlarging uterus or insufficient control of myometrial contractility (Emge, 1962) . Furthermore, the bleeding could occur due to a dysfunctional endometrium. Fraser et al. (1986) measured the amount of blood loss in patients with adenomyosis, which was reduced by a prostaglandin synthesis inhibitor. These findings indicate the possible involvement of prostaglandins in hypermenorrhoea. Another finding is that nitric oxide, a potential vasodilator, might be involved in the mechanism, since endothelial nitric oxide synthase, originally identified in vascular endothelial cells, is present in glandular epithelial cells in the endometrium (Tseng et al., 1996; Telfer et al., 1997) . Of interest is that the expression of endothelial nitric oxide synthase in the endometrium varies with the menstrual cycle, and is most marked in the midsecretory phase in the fertile controls. In contrast, the expression of the enzyme in adenomyosis is persistently higher than control levels throughout the menstrual cycle (Ota et al., 1998) . These facts might explain, at least in part, the reason for hypermenorrhoea in adenomyosis. That is, blood flow in the spiral arteries and capillaries in the secretory phase begins to decrease as menstruation approaches (Fraser et al., 1987; Greiss and Rose, 1989) . Spiral arteries begin to exhibit intense and prolonged vasoconstriction shortly before the onset of 718 menstruation, with resulting ischaemia in the endometrium (Rogers, 1996) . When menstruation begins, functional layers of the endometrium are desquamated, preventing an excess loss of blood. In contrast, in adenomyosis the total surface area of capillaries as well as the number of capillaries in the endometrium increases up to 11.6 times that of the controls. Once menstruation starts, these states could cause the arteries to contract insufficiently, resulting in increased blood loss, and leading to hypermenorrhoea. Further studies are needed to elucidate the process of vascularization in the endometrium in order to relieve clinical symptoms in adenomyosis patients.
